Abstract-Formation of viral ribonucleoprotein particles during incubation of the Alternanthera mosaic virus 5'-end transcripts with Potato virus X (members of the Potexvirus genus) coat protein was studied. It was shown that the capping of Alternanthera mosaic virus transcripts affects the efficiency of their interaction with a coat protein. At the same time, the removal of the cap structure from previously capped Alternanthera mosaic virus transcripts did not prevent assembly of viral ribonucleoproteins. The removal of the first 100 nucleotides (the likely site for assembly initiation) had no effect on the formation of viral ribonucleoproteins. The additional evidences that the potexvirus ribonucleoproteins assembly does not depend on the RNA nucleotide sequence were obtained.
INTRODUCTION
Virion assembly is one of the main stages of the infectious cycle of viruses of different nature. However, the specific assembly signal (assembly initiation site) has not yet been described for most of plant viruses with a helical structure. The study of the assembly of virions and viral ribonucleoproteins (vRNPs) and search for assembly signals of viral genomes is relevant and important for understanding the processes of formation of the viral particles and the mechanisms of interaction of viral coat protein (CP) and RNA. Previously, we demonstrated that CP of the helical Potato virus X (PVX) (genus Potexvirus, family Alfaflexiviridae) is capable of forming vRNP in vitro not only with the PVX RNA but also with heterologous nucleic acids [1, 2] . Both morphologically and in terms of translational properties, the resulting vRNPs are identical to homologous vRNPs (PVX RNA-PVX CP) and native PVX virions. It has been found that assembly initiation of heterologous vRNP (foreign RNA-PVX CP) in vitro, as well as those homologous, starts at the 5'-end of the RNA molecule and does not depend on a specific nucleotide sequence. It has been shown that the 5'-end noncapped PVX RNA transcripts do not form vRNPs during the incubation with PVX CP in vitro. Incubation PVX CP with capped potexvirus transcripts leads to the formation of vRNPs identical in structure and properties to homologous vRNPs and native PVX virions. Thus, an important condition of vRNP assembly in vitro is the precapping of the nucleic acid. However, removal of the capstructure after the precapping of RNA no further prevents the formation of vRNP. It has been suggested that the cap-structure is not an assembly signal itself, but it does affect the 5'-end of an RNA molecule, creating a conformational assembly signal and contributing to the efficient interaction of RNA and PVX CP [3, 4] .
In this paper, the effect of the cap-structure on the vRNP assembly efficiency is studied on the example of another virus belonging to the Potexvirus genus, Alternanthera mosaic virus (AltMV). The AltMV genome contains a single-stranded (+) RNA of 6606 nucleotides in length, carrying a cap-structure at the 5'-end and a poly(A)sequence at the 3'-end. AltMV RNA contains five open reading frames (ORFs): 5'-proximal ORF is translated directly from the genomic RNA to form viral replicase. ORFs 2, 3 and 4 make the socalled triple gene block, characteristic of potexviruses, which encodes three transport proteins. The product of ORF 5 is a coat protein with a molecular mass of 22 kD [5] .
Specific assembly signal for AltMV is presently unknown. Data for inhibition of RNA translation as part of vRNP indicate that, in the case of AltMV, the assembly initiation site is also located at the 5'-end of RNA molecules [6, 7] .
It assembly of vRNP in incubation of the 5'-end AltMV transcripts with AltMV CP; thus, it was decided to investigate the assembly of vRNP in incubation of transcripts with PVX CP, which is not polymerized in the absence of RNA [3, 8] .
MATERIALS AND METHODS
The AltMV preparation (strain AltMV-MU, GenBank no. FJ822136 [9] ) was isolated from infected plants of portulaca (Portulaca grandiflora) according to [6] . The PVX coat protein was obtained by salt deproteinization, and RNA was isolated by phenol deproteinization [6] .
To obtain vRNP in vitro, RNA and coat protein were mixed and incubated under standard conditions (in 20 μL of 0.01 M Tris-HCl buffer pH 7.5 at room temperature for 20 min) [2] .
Samples for electron microscopy were prepared according to [2, 3] and analyzed with a JEM-1011 electron microscope (JEOL, Japan).
Samples for atomic force microscopy were prepared and analyzed as described previously [3] .
Genetically engineered constructions and transcripts were prepared as described in [3] . The cDNA for obtaining the 5'-end AltMV transcript, corresponding to the 5'-end of the AltMV RNA from the first to the 1320th nucleotide, was obtained by PCR on the AltMV-19 plasmid template (copy of 1-1639t nt of AltMV (strain AltMV-MU) under control of the T7 promoter in the plasmid pBluescript SK (+)) using the following primer pairs: AltMV1-ApaI-fw (5'-ccggggcccgaaaagtaaagcaaagcaaaacaaa-3') and AltMV1320-PstI-rev (5'-ccgctgcagtaggacagtgacacgtcaac-3'). The cDNA for obtaining the deletion 5'-end transcript of AltMV, corresponding to the 5'-end of the AltMV RNA from the 97th to 1639th nucleotide, was obtained by PCR on the AltMV-19 plasmid template (copy of 1-3944 nt of PVX RNA under control of the T7 promoter in pSL1180 (Amp R )) using the following pairs of primers: T7-AltMV-del96-XhoI (5'-cagtctcgagtaatacgactcactataggcccactttcgttccgttc-3') and AltMV-R0-NotI-m (5'-agacttcgcggccgcgtgtgtat-3'). For obtaining the construction AltMV-1320 (1-1320 nt of AltMV RNA), PCR amplification products were cloned into plasmid pGEM5Zf (+) for restriction sites ApaI and PstI. For obtaining the construction AltMVΔ (97-1639 nt of AltMV RNA), PCR amplification products were cloned into plasmid pSL1180 (Amp R ) by double insertion into one cloning: vector, pSL1180 (restriction for sites Xho I and Pst I); insert 1, PCR product (97-303 nt AltMV) (restriction for sites Xho I and Not I); insert 2, AltMV-19 (303-1639 nt AltMV) (restriction for sites Not I and Pst I). All the inserts were controlled by the bacteriophage T7 promoter of E. coli. The resulting plasmids were used to transform E. coli cells of strain XL1.
The reaction of transcription was carried out in vitro using the reagents and enzymes (T7 RNA polymerase) from Promega (United States).
Capping of transcripts in vitro was carried out using the ScriptCap m 7 G Capping System kit produced by Epicentre Biotechnologies (United States) according to the manufacturer's protocol.
Decapping of the previously capped transcripts was carried out using tobacco acid pyrophosphatase (TAP) from Epicentre Biotechnologies (United States) by the standard manufacturer's protocol.
RESULTS AND DISCUSSION
Previously, we showed that AltMV CP is capable of forming extended virus-like particles in the absence of RNA under different conditions [7] . Such polymerization of AltMV CP complicates the analysis of the vRNP formation during the incubation of AltMV CP with the 5'-end AltMV RNA transcripts. At the same time, it was revealed that the AltMV RNA effectively interacts with the PVX CP followed by the formation of vRNPs that are dimensionally and structurally identical to homologous vRNPs and native PVX virions [2] . Therefore, to study the effect of the cap structure and the nucleotide sequence of the 5'-end of the AltMV RNA, the AltMV RNA (or transcript) was incubated with PVX CP.
Obtained in vitro, the noncapped AltMV transcript, corresponding from the first to 1320th nucleotide of the 5'-end of the genomic AltMV RNA (AltMV-1320), was incubated with PVX CP. TEM (negative staining) showed that it is not accompanied by the formation of vRNPs (Fig. 1a) . As a negative control, we used PVX CP incubated under vRNPforming conditions in the absence of RNA (Fig. 1d) . Transcript AltMV-1320 was capped by the vaccinia virus capping system, and a portion of the capped AltMV-1320 transcript was incubated with PVX CP, resulting in the formation of vRNP (Fig. 1b) . Another part of the preparation of the capped AltMV-1320 transcript was treated with tobacco acid pyrophosphatase (TAP) to remove the cap structure from the 5'-end of the transcript. Decapping of the preliminary capped transcript AltMV-1320 did not affect the assembly: its incubation with PVX CP revealed the formation of particles (Fig. 1c) morphologically similar to the particles in Fig. 1b . Thus, the cap structure affects the formation of the conformational assembly signal and vRNP formation in the 5'-end transcripts of the genomic RNA of another representative of the potexvirus group, AltMV, just as it has been shown for PVX [3, 4] . Under the applied conditions of obtaining vRNP, the amount of CP in the incubation mixture is insufficient to complete the assembly of transcripts in filamentous particles; thus, the assembly is not complete [2] . The length of the obtained vRNPs is proportional to the length of RNA constituting them [2] [3] [4] ; thus, the vRNPs forming by incubation with PVX CP short transcripts appear as short rods.
In contrast to the AltMV RNA for its close relative, papaya mosaic virus (PapMV), with which AltMV has identical nucleotide sequences at the level of 79.8%, in the experiments carried out in vitro the assembly origin section was precisely localized as the first 47 nucleotides at the 5'-end of the PapMV RNA [10, 11] . One might expect that the assembly origin section in AltMV will be located in the same place as in PapMV. In this connection, in addition to the capped and decapped transcripts, a 5'-end AltMV transcript with deletion of the first 96 nt (AltMVΔ), which includes the PapMV assembly signal, was obtained. AltMVΔ of 1542 nucleotides in length matched the 5'-end of the AltMV RNA molecule from the 97th to 1639th nucleotide.
TEM and atomic force microscopy (AFM) were used to analyze particles formed during the incubation of PVX CP with noncapped, capped, and decapped transcripts of AltMVΔ. Figure 2 shows the results of analysis by TEM (angular spraying). Incubation of the noncapped AltMVΔ transcript with PVX CP does not lead to the formation of particles (Fig. 2a) . The obtained result is not surprising, since this transcript was lacking the section that we assumed to contain the assembly initiation region in analogy to PapMV. However, during the capping of this transcript and its subsequent incubation with PVX CP, we detected the formation of vRNP (Fig. 2b) . This result indicates that the sequence of the first 96 nucleotides does not contain a signal for assembly of vRNP for AltMV.
Decapping of the previously capped AltMVΔ transcripts also does not prevent the formation of vRNP (Fig. 2c) . As a negative control, we used free PVX CP incubated under standard assembly conditions (Fig. 2d) . These findings were confirmed by AFM, which revealed the absence of the assembly in case of the noncapped AltMVΔ transcript (Fig. 3a) and the formation of particles in the case of incubation with PVX CP of the capped (Fig. 3b) or decapped AltMVΔ transcript (Fig. 3c) . AFM allows measuring the height of the resulting particles. During the incubation of the capped and decapped transcripts of AltMVΔ with PVX CP, particles with an average height of 8.4 ± 0.7 and 9.0 ± 1.5 nm, respectively, were formed (Figs. 3b, 3c) . The height of the resulting particles is comparable with the average height of vRNP formed during the incubation of the genomic AltMV RNA with PVX CP, indicating similar particle morphology [2] . During the incubation of PVX CP with noncapped AltMVΔ transcripts or without RNA, the average heights of the units amounted to 2.5 ± 0.7 and 2.5 ± 0.9 nm, respectively (Figs. 3a, 3d ).
Based on these results, we can conclude that the 5'-end AltMV transcripts interact with PVX CP similar to the 5'-end PVX transcripts [3, 4] : during the incubation of the noncapped AltMV transcripts with PVX CP, no vRNP formation was detected. During the incubation of the AltMV capped transcripts with CP, the particles are formed, and the removal of the cap structure does not interfere with the assembly: vRNPs are formed during the incubation of the decapped AltMV transcripts with PVX CP. Deletion of similar to PapMV, deletion of the possible assembly initiation site had no impact on the results: noncapped AltMVΔ transcripts didn't assemble vRNP during incubation with the PVX coat protein. However, capping the deletion mutants resulted in the formation of vRNPs.
Thus, it can be concluded that capping has a significant influence on the formation of vRNPs in the case of vRNP formation during the incubation of CP with the 5'-end of genomic RNA transcripts of another potexvirus, AltMV. The data obtained in experiments with AltMVΔ transcripts suggest either that the assembly origin region of AltMV differs from the assembly origin region of PapMV or that for AltMV, just as for PVX, the vRNP formation does not depend on the nucleotide sequence of RNA [2, 6] . Most probably, the cap is not an assembly signal or a vRNP assembly initiation site itself, since, in this case, in vivo assembling of not only viral RNA but also cellular mRNAs could occur. However, there is a possibility that the cap has an impact on the structure of the 5'-end of the viral RNA of potexviruses, forming a conformational assembly signal that recognizes a viral CP during the vRNP assembly.
Thus, capping of the 5'-end AltMV transcripts affects the efficiency of their interaction with PVX CP. Removing the cap structure in the precapped AltMV transcripts, similarly to the removal of the cap struc- 
